Human embryonic stem cell-derived mesenchymal stem cells (hE-MSCs) have greater proliferative capacity than other human mesenchymal stem cells (hMSCs), suggesting that they may have wider applications in regenerative cellular therapy. In this study, to uncover the anti-senescence mechanism in hE-MSCs, we compared hE-MSCs with adult bone marrow (hBM-MSCs) and found that hepatocyte growth factor (HGF) was more abundantly expressed in hE-MSCs than in hBM-MSCs and that it induced the transcription of RAD51 and facilitated its SUMOylation at K70. RAD51 induction/modification by HGF not only increased telomere length but also increased mtDNA replication, leading to increased ATP generation. Moreover, HGF-treated hBM-MSCs showed significantly better therapeutic efficacy than naive hBM-MSCs. Together, the data suggest that the RAD51-mediated effects of HGF prevent hMSC senescence by promoting telomere lengthening and inducing mtDNA replication and function, which opens the prospect of developing novel therapies for liver disease.
INTRODUCTION
Preclinical and clinical studies of human bone-marrow-derived mesenchymal stem cells (hBM-MSCs) have yielded their promising results and suggested a powerful paradigm to treat human diseases. [1] [2] [3] However, clinical applications using human mesenchymal stem cells (hMSCs), including hBM-MSCs, are hampered by their finite self-renewal ability.
Senescence caused by repetitive proliferation in vitro is one of several factors that determine the self-renewal ability of stem cells. Although the underlying molecular mechanism is unclear, Bertolo et al. 4 characterized the senescent state of hMSCs by estimating their differentiation ability, population doubling time (PDT), senescence-associated b-galactosidase activity, and telomere length. Normal cells reportedly have restricted telomerase activity, meaning that their telomeres shorten as they proliferate in vitro, eventually leading to proliferation arrest. 5, 6 Replicative senescence of hMSCs has been associated with gradual loss of telomeric DNA. [7] [8] [9] [10] Therefore, senescence phenotypes according to repetitive proliferation in vitro are related to telomere length.
We previously obtained hMSCs from human embryonic stem cells (hE-MSCs) and demonstrated that they could be consistently produced, maintained, and expanded more effectively than other hMSCs, such as hBM-MSCs. 11, 12 To build upon this previous research, we sought to decipher the mechanism underlying this difference in senescence and regeneration capability between hE-MSCs and hBM-MSCs and to identify a factor that can rejuvenate senescenceprone hBM-MSCs.
In this study, hE-MSCs were found to have a shorter PDT and longer telomeres than hBM-MSCs. Systemic comparison of hE-MSCs and hBM-MSCs using a human growth factor array revealed that hepatocyte growth factor (HGF) was the only growth factor whose expression was significantly higher in the former. Treatment with HGF increased telomere length in hBM-MSCs, whereas inhibition of HGF decreased telomere length in hE-MSCs. RAD51, rather than telomerase reverse transcriptase (TERT), controlled senescence downstream of HGF. RAD51 expression was higher in hE-MSCs than in hBM-MSCs, and HGF treatment induced RAD51 expression in hBM-MSCs. HGF enhanced transcription of RAD51 through two transcription factors: IKZF1 and RUNX1. HGF also facilitated a post-translational (PTM) modification of RAD51, SUMOylation at K70. Induction of RAD51 by HGF not only increased telomere length but also increased mtDNA replication, leading to enhanced ATP generation in hBM-MSCs. Finally, we confirmed that hBM-MSCs rejuvenated by HGF treatment had a better capability than untreated hBM-MSCs to regenerate the damaged liver in a mouse model after cell transplantation.
HGF is a well-known pleiotropic growth factor, 13, 14 (legend continued on next page) factor in hepatocytes. 15, 16 One study reported that mouse MSCs pretreated with HGF and FGF4 have better therapeutic potential than naive MSCs in the repair of injured liver. 17 Another study reported that rat BM-MSCs cultured with HGF had an improved therapeutic effect for the repair of damaged liver. 15 However, to our knowledge, no study has reported RAD51-mediated HGF effects on telomere length and mtDNA replication. This study provides mechanistic insights into why stem/progenitor cells differ in terms of senescence and how senescence is prevented by HGF. These findings could help improve the efficacy of hBM-MSCs and lead to the development of clinical applications for the treatment of liver disease.
RESULTS

HGF Regulates Telomere Length in hMSCs: Comparative Analysis of hE-MSCs and hBM-MSCs
To identify a factor that can rejuvenate the senescence-prone hBM-MSCs, we compared hBM-MSCs at passage (P) 8 with hE-MSCs at P15. In our previous report, hE-MSCs expanded over p30. 12 Thus, we selected p15 as a founder to identify the mechanism to maintain the higher stemness in hE-MSCs than in hBM-MSCs. We purchased hBM-MSCs from Lonza, which recommended hBM-MSCs to be used by P5, and we chose P8 as senescence-prone hBM-MSCs (http://bio.lonza.com/uploads/tx_mwaxmarketingmaterial/ Lonza_ManualsProductInstructions_Poietics_Human_Mesenchymal_ Stem_Cells.pdf).
PDT was shorter in hE-MSCs ($40 hr) than in hBM-MSCs (60 hr) ( Figure 1A ). To confirm this difference, we performed fluorescenceactivated cell sorting (FACS) to check the proliferative activity of these hMSCs. A larger percentage of hE-MSCs than hBM-MSCs expressed proliferating cell nuclear antigen (PCNA), an S-phase-specific marker (28.85% ± 3.77% of hE-MSCs versus 6.42% ± 0.43% of hBM-MSCs) ( Figure 1B ). As expected, relative telomere length (RTL) was 2.5-fold longer in hE-MSCs than in hBM-MSCs ( Figure 1C ).
Next, we investigated the cause of the difference in RTL between these two types of hMSCs. Cytokines and growth factors affect cells through autocrine and paracrine signaling and trigger outside-in stimulation to activate downstream cellular signals, which regulate various events. Therefore, we compared hE-MSCs and hBM-MSCs using a human cytokine array containing 41 representative cytokines. The levels of two factors, HGF and insulin-like growth factor-binding protein 1 (IGFBP1), differed between the two types of hMSCs ( Figure 1D ).
To validate these findings, ELISA was performed using the culture supernatants of hE-MSCs and hBM-MSCs ( Figure S1A ). Consistent with the findings of the cytokine array, levels of HGF and IGFBP1 secretion were significantly higher in hE-MSCs than in hBM-MSCs. The concentration of HGF (10 ng/mL) was significantly higher than that of other cytokines (100-200 pg/mL) in the culture supernatant of hE-MSCs. A loss-of-function experiment in hE-MSCs was performed to determine whether HGF controls telomere length. RTL was analyzed after treating hE-MSCs with a neutralizing HGF antibody. Telomere length was decreased to $50% ( Figure S1B ) and PDT was delayed to $80 hr ( Figure S1C ) upon loss of HGF function in hE-MSCs.
Next, we investigated whether HGF affected telomere length in hBM-MSCs via outside-in stimulation. Telomeres were noticeably longer in hBM-MSCs treated with recombinant HGF (rHGF) than in those treated with other cytokines ( Figure 1E ), including IGFBP1, epidermal growth factor (EGF), FGF2, and vascular endothelial growth factor (VEGF), which are known cytokines expressed by hMSCs. 18 Additionally, PDT was shorter in hBM-MSCs treated with rHGF ( Figure 1F ).
Recently, quantitative real-time PCR-based techniques have emerged as an alternative method for quantifying telomere length. 19 Thus, we used quantitative real-time PCR to measure RTL, which is less timeconsuming than other conventional methods. Additionally, we visualized telomeres using peptide-conjugated nucleic acid (PNA), which specifically binds to telomeres. Interphase telomere fluorescence in situ hybridization (FISH) showed that treatment of hBM-MSCs with rHGF increased the number and intensity of PNA foci in the nucleus ( Figure 1G ).
RAD51 Is Key for HGF-Induced Telomere Lengthening in MSCs
To investigate whether HGF-induced telomere lengthening in MSCs is dependent on TERT, we first compared the protein level of TERT between hE-MSCs and hBM-MSCs. However, neither the TERT protein level ( Figure 2A ) nor TERT activity determined by the TRAP assay ( Figure 2B ) differed between these two types of hMSCs. Therefore, we considered a TERT-independent pathway. RAD51 is a critical mediator of alternative mechanisms in the maintenance of telomere length (ALT). [20] [21] [22] The RAD51 protein level ( Figure 2C ) and RAD51 activity determined by the HR assay ( Figure 2D ) were higher in hE-MSCs than in hBM-MSCs. Moreover, when we treated hBM-MSCs with rHGF, the activity and protein level of RAD51 increased ( Figures 2D and 2E ), whereas the TERT protein level did not change ( Figure 2E ). Conversely, when we blocked HGF in hE-MSCs using a neutralizing antibody, the protein level of RAD51 decreased, whereas that of TERT did not change ( Figure S2A www.moleculartherapy.org of telomeres in embryonic stem cells 23 and stemness in induced pluripotent stem cells, 24 was not expressed in either hE-MSCs or hBM-MSCs ( Figure S2B ). These findings suggest that RAD51 is a key factor for telomere lengthening in hE-MSCs and rHGFtreated hBM-MSCs. Specifically, HGF increases telomere length in hBM-MSCs via RAD51, similar to the phenomenon in hE-MSCs.
To confirm the function of RAD51 in telomere lengthening, we performed a loss-of-function experiment in rHGF-treated hBM-MSCs using RAD51-targeting small interfering RNA (siRNA, called siRAD51). The mRNA and protein levels of RAD51 were increased by rHGF treatment and decreased by siRAD51 treatment ( Figures  2F and 2G ). These results correlated with telomere length ( Figure 2H ). In the gain-of-function experiment using the lentiviral CMV-RAD51 vector, telomere length increased ( Figure 2I ) when the RAD51 protein level was increased ( Figure 2J ). In hE-MSCs, when the RAD51 mRNA level was decreased by siRAD51 treatment (Figure S2C ), its protein level was reduced ( Figure S2D ) and RTL dramatically declined ( Figure S2E ). Thus, RAD51 is involved in a mechanism regulating telomere lengthening in hE-MSCs.
Transcription of RAD51 Is Activated by RUNX1 and IKZF1 in the Absence of DNA Damage RAD51 is activated in response to DSBs, although there is debate about the level of its expression. [25] [26] [27] Therefore, we investigated whether the increase in RAD51 upon rHGF treatment is associated with DSBs. To this end, we labeled g-H2AX, a DSB marker. g-H2AX and RAD51 were both detected in the nucleus of hBM-MSCs upon induction of DSBs by UV irradiation ( Figure 3A ). On the other hand, in the absence of irradiation, g-H2AX was not detected in rHGF-treated hBM-MSCs, in which the level of RAD51 was increased ( Figure 3A ). To investigate whether chromosomes were normal, karyotyping was performed in rHGF-treated hBM-MSCs. No aberrations were detected ( Figure 3B ). These findings indicate that RAD51 is induced by HGF per se in hBM-MSCs, but not by incidental DNA damage.
To elucidate the transcriptional regulatory mechanism underlying HGF-dependent RAD51 induction, we screened the promoter region of RAD51. Four alternative transcripts are expressed from chromosome 15, all of which have a common putative promoter region located 2.3 kb upstream of the transcriptional start site. We utilized the TFSEARCH V1.3 database to explore putative transcriptional regulatory factors and found binding sites of IKZF1 and RUNX1 ( Figure S3A ).
To confirm that IKZF1 and RUNX1 are transcriptional regulators of RAD51 in response to HGF, we knocked down these genes in rHGF-treated hBM-MSCs. RAD51 mRNA and protein levels were increased by rHGF treatment ( Figures 3C and 3D ), which was prevented by knockdown of IKZF1 or RUNX1 in rHGF-treated hBM-MSCs ( Figures 3C and 3D ). RTL also correlated with the RAD51 level and was significantly reduced by knockdown of IKZF1 or RUNX1 (1 in control hBM-MSCs versus 3.48 ± 0.68 in rHGF-treated hBM-MSCs, p = 0.0002; 3.28 ± 0.46 in siScramble-and rHGFco-treated hBM-MSCs versus 0.15 ± 0.04 in siIKZF1-and rHGF-cotreated hBM-MSCs versus 0.21 ± 0.12 in siRUNX-and rHGF-cotreated hBM-MSCs) ( Figure 3E ). We also knocked down IKZF1 and RUNX1 in hE-MSCs to validate their function. The knockdown efficiencies were confirmed by real-time PCR ( Figure S3B ). RUNX1 or IKZF1 knockdown decreased RAD51 protein expression ( Figure S3C ) and RTL ( Figure S3D ). In summary, HGF induces transcription of RAD51 in hMSCs through two factors: IKZF1 and RUNX1.
SUMOylation Is Critical for RAD51-Dependent Telomere Lengthening
In order to perform its functions, RAD51 must undergo PTMs for efficient binding to its different protein partners. Western blot analysis of whole cell lysates showed that a portion of RAD51 migrated to a position above the predicted one ($37 kD), corresponding to a molecular weight of $100 kD after electrophoresis on SDS-polyacrylamide gels, suggesting that it was ubiquitinated or SUMOylated. The intensity of the band was higher when the cells were treated with rHGF ( Figure 4A ). Considering that ubiquitination induces degradation, we excluded the possibility of ubiquitination and other PTMs. The $32 kD presumed isoform of RAD51 was not detected in the nucleus ( Figure S4A ) and therefore was not considered to be relevant to the study.
Next, we tested whether RAD51 was SUMOylated using ginkgolic acid (GA), a known inhibitor of SUMOylation. 28 The RAD51 protein band migrating to $100 kD after rHGF treatment disappeared upon co-treatment with GA ( Figure 4B ). We also checked the indices of RAD51 function. RTL was increased by rHGF treatment and this was blocked by GA ( Figure 4C ). However, GA is a pan-inhibitor of SUMOylation with cytotoxic potential. 29 Therefore, we confirmed SUMOylation of RAD51 by performing immunoblotting with SUMO antibodies on immunoprecipitated RAD51, with and without mutant SUMOylation sites. To identify specific SUMOylation sites in RAD51, we performed an in silico analysis based on an established database to predict SUMOylation sites. Two common sites were identified by two different bioinformatics programs (GPS SUMO2.0 [http://sumosp.biocuckoo.org] and SUMOplot [http://www.abgent. com/sumoplot]), which identify amino acid sequences that can be SUMOylated (Table 1) . K70 is a non-consensus type II sequence and K57 is a type I consensus sequence for SUMOylation in RAD51.
We used pcDNA3.1 Myc/His(-) to construct CMV RAD51 vectors harboring a lysine-to-arginine mutation of each of the SUMOylation sites (K70R and K57R) and a Myc-His tag ( Figure 4D ). Upon immunoprecipitation with an anti-Myc antibody, less SUMO1 was detected with the K70R mutant than with the K57R mutant ( Figure 4E ). To validate the effect of RAD51 SUMOylation, we checked RTL. RTL was increased in cells transfected with the wild-type RAD51 and K57R vectors, but not in cells transfected with the K70R vector ( Figure 4F ).
HGF Induces Binding of Cytoplasmic RAD51 to mtDNA and Increases Its Replication
While observing the immunofluorescence staining pattern of RAD51 ( Figure 5A ), we noticed cytoplasmic RAD51. This pool of RAD51 was different from nuclear RAD51, which induced telomere lengthening. Recent reports show that RAD51 functions in mitochondria to increase the mtDNA copy number, which is not related to telomeres. 30, 31 mtDNA encodes genes that are involved in production of ATP, an energy source of all cells in living organisms. Hence, it can indirectly reflect cell viability. Along with these reports, many studies demonstrate that the mtDNA copy number and telomere length are indices of senescence in healthy human cells. 32 However, a single factor linking mtDNA and telomeres has not been reported.
We hypothesized that RAD51 could be present in both nuclear and mitochondria foci upon stimulation by HGF. We first stained hBM-MSCs expressing RAD51-GFP for TOM20, a mitochondrial marker, to determine whether they co-localized. TOM20 completely co-localized with RAD51-GFP in the cytoplasmic region ( Figure 5A ). Next, to compare the mtDNA copy number between rHGF-treated and non-treated cells, we designed a primer set to amplify a mtDNA-specific region 33 that is absent from genomic DNA (Figure S5A) . After normalization to AIB1, a reference gene with only a single copy on the chromosome, the relative mtDNA copy number was 1.5-fold higher in rHGF-treated cells than in control cells (Figure 5B ). Furthermore, RAD51 knockdown decreased the mtDNA copy number in rHGF-treated cells ( Figure 5B) , similar to the effect on telomere length. ATP synthesis was measured to validate the functionality of mitochondria. The ATP concentration was increased by rHGF treatment (1 in control cells versus 2 ± 0.46 in rHGF-treated cells) and this was dependent on RAD51 (1 in control cells versus 2.4 ± 0.26 in RAD51-overexpressing cells versus 0.59 ± 0.04 in siRAD51-treated cells) ( Figure 5C ).
Then, we tested whether RAD51 SUMOylation affects mitochondria using GA. Similar to RTL, the mtDNA copy number and ATP concentration were higher after rHGF treatment and lower after inhibition of SUMOylation ( Figures 5D and 5E ). The mtDNA copy number was increased in cells transfected with the wild-type RAD51 and K57R vectors, but not in cells transfected with the K70R vector ( Figure 5F ).
Next, we investigated whether RAD51 binds to mtDNA to facilitate its replication. There have not been previous reports of specific mtDNA-binding sites for RAD51 to bind on mtDNA, although one study reported that RAD51 physically associates with whole mtDNA using ChIP assay when cells are exposed to ionizing radiation. 30 To identify the sites of mtDNA for RAD51 to bind on, we performed CytoChIP assay, which employs the sheared cytoplasmic fraction to obtain mtDNA fragments ( Figure S5B ). The D-loop and ND2 reference regions are reported to be poly (ADP-ribose) polymerase 1-binding sites in mtDNA, 34 and the D-loop region was reported to be a start site for mtDNA replication 35 ( Figure S5C ). Polymerase g binds to the D-loop region as a main factor of the replication initiation complex and was therefore used as a D-loop-binding control. The nuclear and cytoplasmic fractions were well separated (Figure S5D) , and DNA was sheared into suitably sized fragments of 100-500 bp ( Figure S5E ). PCR analysis of the AIB1 gene and D-loop region demonstrated clear separation of the nuclear and cytoplasmic fractions ( Figure S5F ).
Using CytoChIP, we demonstrated that RAD51 bound to mtDNA directly via the D-loop region ( Figure 5G ). Binding of polymerase g to the D-loop was increased upon rHGF treatment, similar to that of RAD51 ( Figure 5G ). Real-time PCR analysis confirmed that rHGF treatment increased binding of RAD51 by more than 3-fold (3.17 ± 0.2) ( Figure 5H ) as well as binding of polymerase g ( Figure 5H ).
Finally, we detected binding of SUMOylated RAD51 to the D-loop using CytoChIP with GA ( Figure 5I ). Binding of RAD51 to the D-loop was induced by HGF, which was inhibited by co-treatment with GA. Taken together, we conclude that HGF-induced RAD51 is SUMOylated at K70 and that this PTM is critical for telomere lengthening and mtDNA replication.
rHGF Treatment Enhances the Therapeutic Efficacy of hBM-MSCs
Given that HGF treatment induced RAD51 in hBM-MSCs and thereby prevented senescence and improved mitochondrial energy production, we investigated whether HGF promotes the therapeutic function of hBM-MSCs in vivo using a thioacetamide (TAA)-induced liver fibrosis mouse model. DiI-labeled hBM-MSCs were systemically administered via intra-cardiac injection 1 day after the first injection of TAA. TAA was injected every 3 days to maintain its effect (Figure 6A ). Histological analysis using Picro Sirius red, which detects collagen deposits, demonstrated liver portal-to-portal septa formation indicative of fibrosis upon TAA treatment. The staining showed that transplantation of hBM-MSCs significantly prevented liver fibrosis. The fibrotic percentage area at day 14 was significantly smaller in mice administered rHGF-treated hBM-MSCs than in mice administered non-treated hBM-MSCs (0.83% ± 0.06% in normal liver versus 9.9% ± 0.19% in TAA-treated liver versus 6.6% ± 0.11% in hBM-MSC-injected liver versus 4.8% ± 0.06% in rHGF-primed hBM-MSC-injected liver, p < 0.0001, n = 5) (Figure 6B) . Additionally, there was less undulation, indicative of a lower degree of fibrosis, in liver tissue of mice administered rHGF-treated hBM-MSCs than in that of mice administered non-treated hBM-MSCs ( Figure 6B ).
After 14 days, the number of DiI-labeled hBM-MSCs per 0.125 mm 2 of liver tissue was higher in mice administered rHGF-treated hBM-MSCs than in mice administered non-treated hBM-MSCs, demonstrating that rHGF treatment enhanced the engraftment efficacy of these cells (5.25 ± 2.08 in non-treated hBM-MSC-injected mice versus 8.125 ± 1.49 in rHGF-primed hBM-MSC-injected mice) (Figure 6C) . To investigate the fate of the transplanted hBM-MSCs, we stained liver tissue for cellular retinol-binding protein 1 (CRBP1) as a marker of quiescent hepatic stellate cells (HSCs), which can be converted into myofibroblasts under fibrotic stimulation ( Figure 6D ). DiI-positive hBM-MSCs expressed CRBP1, suggesting that transplanted hBM-MSCs differentiated into quiescent HSCs rather than myofibroblasts, leading to prevention of liver fibrosis.
DISCUSSION
HGF Rejuvenates hMSCs by Elongating Telomeres and Enhancing Mitochondrial Function
In our study, we confirmed that hE-MSCs were younger or less senescent and had longer telomeres than hBM-MSCs. Examination of two mechanisms underlying telomere lengthening in hE-MSCs revealed that the effector molecule was RAD51 rather than TERT. In a human 41 growth factor array, HGF was the only growth factor that was highly produced by hE-MSCs but rarely produced by hBM-MSCs. When hBM-MSCs were treated with HGF, RAD51 was induced, and this led to telomere lengthening. Induction of RAD51 was mediated at the transcriptional level via IKZF1 and RUNX1 as well as at the post-translational level via SUMOylation. Induction of RAD51 not only lengthened telomeres in the nucleus, it also increased mtDNA replication in the cytoplasm, leading to efficient energy production in hBM-MSCs. The in vitro finding of hBM-MSC rejuvenation by HGF treatment was confirmed using an in vivo liver injury mouse model, in which liver fibrosis was more effectively prevented by rHGF-primed hBM-MSCs than by naive hBM-MSCs.
The mechanism underlying telomere lengthening, which we confirmed to be a determinant of cellular senescence, has received attention in cancer therapy research. Telomere lengthening in normal cells has also been studied in stem cell research. 36 ALT is another mechanism of telomere maintenance distinct from that of the telomerase-dependent pathway. Lafferty-Whyte et al. 37 analyzed 297 gene signatures and identified the cell lines in which ALT signaling pathways are activated. These are human mesenchymal cell lines with repressed TERT. In this context, we explored whether MSCs use RAD51 for telomere maintenance and found that telomere length was increased by RAD51 after HGF treatment. Although HGF is known to increase telomerase activity in hepatocyte primary cultures, 38 we propose that HGF lengthens telomeres in hMSCs via activation of RAD51 signaling. However, further study is required to clarify whether RAD51 exercised its role in classical ALT or via another telomerase-independent mechanism for the rejuvenation by HGF.
RAD51 is an important factor for the regulation of telomere lengthening and genome stability. It also repairs DNA double-strand breaks through homologous recombination (HR). [20] [21] [22] 39 Recent reports demonstrated that RAD51 contributes to the homology search process and captures sister chromatin in HR-based telomere maintenance as a component of the HR machinery. 40 Additionally, RAD51 has been studied in mitochondria. 30 However, it has not been investigated how RAD51 is activated or how its expression and stabilization are regulated. In this study, we found that RAD51 bound to the D-loop of mtDNA using a method that precipitated cytoplasmic DNA without precipitating nuclear DNA. We developed this alternative method to detect the precise mechanism of interaction between RAD51 and mtDNA. The mtDNA copy number was increased by binding of RAD51 to mtDNA. Considering that mitochondrial function is directly related with the mtDNA copy number, cell viability, and aging, 32, 41 RAD51 activation in hBM-MSCs upon HGF treatment lengthens telomeres in nuclear DNA, increases ATP production by increasing the cytoplasmic mtDNA copy number, and could augment the capability to repair damaged organs.
HGF Triggers Transcription of RAD51 via IKZF1 and RUNX1 in the Absence of DNA Damage
DSBs can be triggered by external sources, including exposure to infrared (IR), UV, and environmental toxins or endogenous sources. 42 Several DNA repair pathways deal with these distinct types of DNA damage. Among these, HR is an important error-free mechanism to maintain genome stability/variability. 39 RAD51 is a RecA recombinase that plays a central role in HR as the loader at sites of DSBs. 25, 43 Here, we demonstrated a novel mechanism that triggers RAD51 activation to elongate telomeres in hMSCs, which is induced by HGF but not by DNA damage. The formation of g-H2AX foci is critical for an efficient response to DNA damage. We observed g-H2AX foci and RAD51 activation after irradiation of hBM-MSCs. However, we also observed RAD51 activation upon rHGF treatment without irradiation (DNA damage), which suggests that induction of RAD51 by HGF is not triggered by DSBs.
The mechanism by which RAD51 transcription is regulated has not been clarified. Thus, we sought to identify the mediator of the HGF-RAD51 axis. We first examined the exons and introns of all known RAD51 transcripts and predicted the promoter region. Four alternative transcripts of RAD51 are encoded by chromosome 15. Three transcripts share the same transcription start site, including exon 1 and exon 3. The other transcript has a different transcription start site, including exon 2, which starts +51 bp from exon 1 (Figure S3A) . We identified binding sites for IKZF1 and RUNX1 by screening for transcription-factor-binding sites in the $2.3 kb RAD51 putative promoter region ( Figure S3A ). IKZF1 has been reported to play a role in lymphocyte development and homeostasis, 44 whereas RUNX1 was reported to be essential for proliferation of blood cells and MSCs as well as fate commitment in myofibroblast differentiation. 43, 45 However, there have been no previous studies linking IKZF1 or RUNX1 to RAD51. In the current study, we demonstrated that IKZF1 and RUNX1 are transcriptional activators of RAD51 in hMSCs. Knockdown of IKZF1 and RUNX1 downregulated RAD51 expression, which was accompanied by telomere shortening and a reduced mtDNA copy number in rHGF-treated hBM-MSCs. The same results were observed in hE-MSCs, in which HGF is highly expressed. These results suggest IKZF1 and RUNX1 are novel transcriptional activators of RAD51 in response to HGF in hMSCs.
SUMOylation of RAD51
This study revealed that RAD51 has distinct functions in nuclei and mitochondria of hMSCs. In gel electrophoresis, a portion of RAD51 protein migrated as a more slowly migrating band than the naive form on SDS-PAGE gels and its intensity increased after rHGF treatment. Changes in protein mobility during PAGE are usually due to PTMs, such as phosphorylation, ubiquitination, and SUMOylation, and in the case of RAD51, these have been shown to be associated with changes in its function, localization during DNA repair, and binding partners. 46 SUMOylation was the only PTM that could explain the >60 kD increase in molecular weight. Furthermore, a pan-inhibitor of SUMOylation, GA, resulted in the loss of the slow migrating band and decreased the telomere lengthening and higher mtDNA copy number induced by HGF.
SUMOylated RAD51 accumulates at sites of DNA damage to repair DNA, and a SUMO-interacting domain has been identified in RAD51. 47 We demonstrated that the K70 residue of RAD51 was SUMOylated upon HGF stimulation by showing that the increases in telomere length and mtDNA copy number were abolished in the K70R mutant. Hence, we suggested that K70 is a direct SUMOylation site for the activation of RAD51 in mitochondria and on telomeres. Although in-depth research is needed to determine how SUMOylated RAD51 can perform both functions, we predict that it undergoes conformational changes and binds to different partner proteins, which underlies its distinct localizations and functions.
Safety and Therapeutic Efficacy of the hBM-MSC Rejuvenation Protocol Based on HGF Priming
Spontaneous telomere elongation/maintenance is common in cancer cells and is a target of cancer therapy. 48 Telomere elongation/maintenance is required in stem cells and is used for regenerative medicine. 8, 9 A previous study attempted to elongate telomeres by introducing human TERT, but this causes c-Myc activation in human mammary epithelial cells and thus its use in therapeutic applications has been criticized. 49 In the current study, we found that HGF secretion was much higher in hE-MSCs having longer telomeres than in hBM-MSCs. Treatment of hBM-MSCs with rHGF elongated short telomeres via RAD51 induction. This result points to a safer way to rejuvenate hMSCs via treatment with rHGF without the need for genetic manipulation. DNA damage may trigger induction of RAD51. Here, we confirmed that induction of RAD51 by HGF in hBM-MSCs was not associated with DNA damage, as demonstrated by the normal chromosome status detected by karyotyping using G-banding and telomere FISH.
We investigated the therapeutic potency of rHGF-treated hMSCs in a TAA-induced liver injury mouse model. Histological analysis showed that the level of fibrosis was significantly lower in mice administered rHGF-treated hBM-MSCs than in mice administered naive hBM-MSCs. Safety was confirmed by the absence of ectopic mass formation in other organs. We injected 5 Â 10 4 cells per mouse, a high dose, because our previous study showed that the minimum effective dose was 1 Â 10 5 cells per rat. 50 On average, rats are 10-fold heavier than mice. Although we have yet to determine the optimal cell dose in mice, we evaluated the therapeutic efficacy, engraftment, and safety of hBM-MSCs subjected to the HGF-based rejuvenation protocol. Taken together, we suggest that the activation of RAD51 by HGF could be used to improve the therapeutic efficacy of hBM-MSCs by increasing telomere length and mitochondrial ATP generation.
MATERIALS AND METHODS
hMSC Culture, rHGF Treatment, and HGF Neutralization hE-MSCs were cultured in EGM-2MV medium (Lonza, Basel, Switzerland) and hBM-MSCs (purchased from Lonza) were cultured in MSCGM medium (Lonza) at 37 C with 5% CO 2. hE-MSCs were used at P15 and hBM-MSCs were used at P8. hE-MSCs were treated with an HGF-neutralizing antibody (2.5 mg/mL; Abcam, Cambridge, UK) every 8 hr to block HGF function. hBM-MSCs were treated with rHGF (10 ng/mL; R&D Systems, Minneapolis, MN) every day for 5 days. Medium was replaced daily with each addition of rHGF.
Human embryonic stem cell (hESC)-MSCs were obtained using a previously reported protocol. 12 In brief, mechanically fragmented SNUhES3 hESCs (Institute of Reproductive Medicine and Population, Medical Research Center, Seoul National University Hospital, Seoul, Korea) were allowed to form embryonic bodies (EBs) in Petri dishes without fibroblast growth factor-2 (FGF2) for 14 days. Then, round EBs were attached to gelatin-coated dishes and cultivated for 16 days in low-glucose DMEM (Invitrogen) with 10% FBS (Invitrogen). Finally, the cells were expanded in EGM-2MV media (Lonza, Basel, Switzerland) and characterized by their differentiation into mesodermal lineages using FACS with MSC-specific markers. The absence of hESC contamination was confirmed by FACS with hESC markers and by testing for teratoma formation. 12 After characterization, the cells were named hESC-MSCs and used in experiments.
Real-Time PCR Analysis
QIAshredder and an RNeasy mini kit (QIAGEN, Hilden, Germany) were used to prepare total RNA according to the manufacturer's instructions. Subsequently, 1 mg RNA was transcribed into cDNA using a PrimeScript 1st strand cDNA Synthesis kit (Takara, Tokyo, Japan). PCR was performed with Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, USA). Real-time PCR samples were run on an ABI PRISM 7500 sequence detection system (Applied Biosystems). GAPDH was used as the internal control and for normalization.
The real-time PCR primers were as follows: Oct4, forward: 5 0 -GAGG CAACCTGGAGAATTTG-3 0 , reverse: 5 0 -TAGCCTGGGGTACCAA AATG-3 0 ; Nanog, forward: 5 0 -TTCCTTCCTCCATGGATCTG-3 0 , reverse: 5 0 -TGCTGGAGGCTGAGGTATTT-3 0 ; RAD51, forward: 5 0 -GCATAAATGCCAACGATGTG-3 0 , reverse: 5 0 -GTGGTGAAAC CCATTGGAAC-3 0 ; IKZF1, forward: 5 0 -GGATATTGTGGCCGAA GCTA-3 0 , reverse: 5 0 -GTTTGGCGACGTTACTTGCT-3 0 ; RUNX1, forward: 5 0 -CGAAGACATCGGCAGAAACT-3 0 , reverse: 5 0 -TGCCT TGTATCCTGCATCTG-3 0 ; and GAPDH, forward: 5 0 -TGTGAG GAGGGGAGATTCA-3 0 , reverse: 5 0 -CAACGAATTTGGCTACA GCA-3 0 .
Western Blot Analysis
All hMSCs were lysed with protein lysis buffer (50 mmol/L Tris-HCl, 150 mmol/L NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate, and 0.5% deoxycholate) containing a protease inhibitor cocktail (Roche, Indianapolis, IN). Total lysates (25 mg) were separated by SDS-PAGE and transferred to a PVDF membrane (Millipore, Billerica, USA) by electro-blotting. Membranes were incubated with the following primary antibodies overnight at 4 C: anti-Oct4 (1:2,000; Santa Cruz Biotechnology, Santa Cruz, USA), anti-Nanog (1:1,000; Abcam), anti-RAD51 (1:500; Merck, New York, USA), and anti-TERT (1:1,000; Abcam). An anti-a-tubulin antibody (1:5,000; Sigma-Aldrich, St. Louis, MO) was used as internal housekeeping control. The immunoblotted membranes were incubated with HRP-conjugated secondary antibodies (1:2,000; Sigma-Aldrich) for 2 hr at room temperature. Quantitative analysis of immunoreactive bands was performed using ImageJ (NIH, Bethesda, USA).
TRAP and HR Assays
The TRAPEZE Telomerase Detection kit (EMD Millipore) was used to detect telomerase activity. DNA samples were separated by 12% DNA-polyacrylamide gel electrophoresis. The polyacrylamide gels consisted of 40% acrylamide, TBE electrophoresis buffer, 10% ammonium persulfate, and TEMED.
The Homologous Recombination Assay Kit (Norgen Biotek, Ontario, Canada) was used to evaluate the efficiency of HR according to the manufacturer's instructions. PCR products were quantified by analyzing the gel images using ImageJ.
Real-Time qPCR Analysis of Telomere Length
Real-time qPCR was used to evaluate telomere length as described previously. 19 Reactions were performed on an ABI PRISM 7500 with 40 cycles of 95 C for 15 s and 54 C for 2 min. For PCR of 36B4, a single copy gene, the program included 40 cycles of 95 C for 15 s and 58 C for 1 min. The primer sequences used to analyze telomere length and 36B4 were as follows: Tel1: 5 0 -GGTTTTTGAGGGTGAGGGT GAGGGTGAGGGTGAGGGT-3 0 , Tel2: 5 0 -TCCCGACTATCCCTA TCCCTATCCCTATCCCTATCCCTA-3 0 , 36B4u: 5 0 -CAGCAAGTG GGAAGGTGTAATCC-3 0 , and 36B4d: 5 0 -CCCATTCTATCATCAA CGGGTACAA-3 0 . 
Loss-and Gain-of-Function Experiments
Specific gene knockdown was achieved by mixing siRNA with Metafectene PRO transfection reagent (Biontex, München, Germany). Before transfection, siRNAs targeting RAD51, IKZF1, and RUNX1 (all from Dharmacon, Lafayette, CO) and Metafectene PRO were diluted in culture medium lacking fetal bovine serum at room temperature. The two solutions were then combined and incubated for 15 min at room temperature. After incubation, the RNA-transfection reagent complexes were added dropwise to the culture dish. After incubation for 6 hr at 37 C in a CO 2 incubator, the medium was replaced with fresh culture medium.
A CMV-lentivirus for RAD51 overexpression was purchased from Sirion Biotech (Am Klopferspitz, Germany). The lentivirus supernatant was diluted with complete culture medium containing 1 mg/mL polybrene and added to hMSCs. More than 1 Â 10 7 lentiviral particles were added to each culture plate (50%-60% cell confluency). After 24 hr, the medium was replaced with fresh culture medium and cultures were incubated at 37 C to allow the virus-infected cells to grow.
HGF Array and ELISA
HGF array C1 (Raybiotech, Norcross, USA) was used to quantitatively compare differences in secreted growth factors between hE-MSCs and hBM-MSCs. Culture supernatants of hMSCs were processed according to the manufacturer's protocols. Imaging was performed with a chemiluminescence bioimage analyzer (Alpha Innotech, San Jose, USA).
To measure secreted HGF and IGFBP1, culture supernatants of hMSCs were analyzed using a human HGF Quantikine ELISA kit or a human free IGFBP1 Quantikine ELISA kit (R&D Systems). Results were read on an ELISA reader (Multiskan GO Microplate Spectrophotometer, Thermo Scientific, Waltham, USA) at 450 nm.
G-banding and Telomere FISH
Cell division was blocked at mitotic metaphase by treatment with 0.1 g/mL colcemid (Gibco-Invitrogen) for 2 hr. Then, hBM-MSCs were trypsinized and resuspended in 0.075 M KCl for 20 min at 37 C. After incubation, the cells were fixed in cold methanol:acetic acid (3:1). G-band standard staining was used to visualize chromosomes. When at least 20 cells were detected, karyotypes were analyzed and reported according to the International System for Human Cytogenetic Nomenclature.
For telomere FISH, mitotic cells were collected by mitotic shake-off and swollen in hypotonic solution (0.075 M KCl) at 37 C for 20 min. Cells were then fixed in freshly prepared methanol:glacial acetic acid (3:1). Fixed cells were dropped onto pre-cleaned slides and left to dry overnight. FISH was performed according to the manufacturer's instructions (Cellay, MA, USA). In brief, the slides were hybridized with Pan-Telomere OligoFISH probes (Cellay), incubated for 10 min at 37 C, washed in 2 Â SSC under agitation to float off the coverslips, and then incubated in IsoThermal Wash Solution (Cellay) for 5 min at room temperature. Finally, the slides were rinsed in 2 Â SSC, mounted with antifade mounting medium containing DAPI, and analyzed by fluorescence microscopy.
Immunocytochemistry
Cultured hMSCs were fixed in acetone for 3 min at À20 C and washed three times with 1 Â PBS. Non-specific binding was blocked with DPBS (Gibco) containing 0.1% bovine serum albumin and 0.05% Triton X-100 for 1 hr. hMSCs were subsequently incubated overnight at 4 C with specific antibodies. After three washes for 5 min, the cells were incubated with secondary antibodies conjugated to Alexa Fluor fluorescent dyes (1:200; Invitrogen) for 2 hr at room temperature. Images were obtained by confocal microscopy (Carl Zeiss LSM710, Germany). UV irradiation was performed for 2 hr under a UV lamp on a clean bench (100-180 nm).
Mouse Liver Fibrosis Model and Cell Transplantation
BALB/c-nude mice (male, 12-13 weeks old, 20-25 g) were used for all animal experiments. Mice were administered TAA (200 mg/kg; Sigma-Aldrich) by intraperitoneal injection three times per week for 14 days. The negative control group was injected with 0.9% saline. Cells were transplanted by intracardiac injection 1 day after the first TAA injection ( Figure 6A ). Mice in the negative control group and the TAA-injected positive control group were administered DPBS. Mice in the cell transplantation groups were administered nontreated hBM-MSCs or hBM-MSCs treated with 10 ng/mL rHGF for 5 days. After recovery for 2 days, mice were injected with TAA three times per week until 14 days after transplantation.
Mice were injected with stained hBM-MSCs to track these cells in liver tissue. Cells were stained with 4 mg/mL CellTracker CM-DiI (Invitrogen, MA, USA) at 37 C for 24 hr. At 14 days after cell transplantation, liver tissue was harvested for histology.
CytoChIP hBM-MSCs (P8) were fixed in 0.8% formaldehyde for 10 min and collected in a tube. The supernatant was discarded, nuclear-cytoplasmic buffer (0.1% digitonin prepared in PBS containing a phosphatase inhibitor cocktail and a protease inhibitor cocktail) was added, and the sample was carefully pipetted several times. After centrifugation, the supernatant and pellet were retained as the cytoplasmic and nuclear fractions, respectively. To shear DNA, both fractions were sonicated four times with BIORUPTOR (30 s on and 30 s off per cycle). The cytoplasmic fraction was used for immunoprecipitation, and the nuclear fraction was used to confirm DNA fragmentation. The immunoprecipitation sample was supplemented with an anti-RAD51 or anti-polymerase g antibody (1 mg) and rotated overnight. Protein A/G agarose beads were added to pull down the antibodies and sequentially washed three times with washing buffers (low and high LiCl). Samples were incubated for 4 hr at 65 C for decrosslinking and recovered using a PCR purification kit (QIAGEN). Nuclear and cytoplasmic fractionation was confirmed by western blot analysis. mtDNA precipitation using anti-RAD51 and anti-polymerase g antibodies was analyzed by quantitative and semiquantitative PCR.
Statistical Analysis
Statistical comparisons were conducted using GraphPad Prism 6 (GraphPad Software, La Jolla, USA). Quantitative data were reported as the mean ± SEM. The unpaired t test or an analysis of variance was used to analyze each group. p values < 0.05 were regarded as statistically significant.
Study Approval
The animal experiments were approved by the Institutional Animal Care and Use Committee of Seoul National University Hospital, Korea (17-0042-S1A0).
